Fanconi anemia (FA) is a cancer predisposition syndrome characterized by cellular hypersensitivity to DNA interstrand crosslinks (ICLs). Within the FA pathway, an upstream core complex monoubiquitinates and recruits the FANCD2 protein to ICLs on chromatin. Ensuing DNA repair involves the Fanconi-associated nuclease 1 (FAN1), which interacts selectively with monoubiquitinated FANCD2 (FANCD2 Ub ) at ICLs. Importantly, FANCD2 has additional independent functions: it binds chromatin and coordinates the restart of aphidicolin (APH)-stalled replication forks in concert with the BLM helicase, while protecting forks from nucleolytic degradation by MRE11. We identified FAN1 as a new crucial replication fork recovery factor. FAN1 joins the BLM-FANCD2 complex following APH-mediated fork stalling in a manner dependent on MRE11 and FANCD2, followed by FAN1 nuclease-mediated fork restart. Surprisingly, APH-induced activation and chromatin recruitment of FAN1 occur independently of the FA core complex or the FAN1 UBZ domain, indicating that the FANCD2 Ub isoform is dispensable for functional FANCD2-FAN1 cross talk during stalled fork recovery. In the absence of FANCD2, MRE11 exonuclease-promoted access of FAN1 to stalled forks results in severe FAN1-mediated nucleolytic degradation of nascent DNA strands. Thus, FAN1 nuclease activity at stalled replication forks requires tight regulation: too little inhibits fork restart, whereas too much causes fork degradation.
I
nherited genomic instability diseases, such as Fanconi anemia (FA) and Bloom syndrome (BS), predispose affected individuals to cancer. FA is characterized by bone marrow failure and a high risk of developing leukemia and squamous cell carcinomas (1, 2) . FA cells are sensitive to DNA interstrand cross-link (ICL)-inducing agents, such as mitomycin C (MMC), and exhibit spontaneous chromosomal aberrations that are further exacerbated upon treatment with replication-inhibiting agents, such as hydroxyurea (HU) or aphidicolin (APH) (3) (4) (5) . The 16 currently known FA proteins act in a common pathway that is activated when the replication machinery encounters DNA ICLs. Upon activation, an upstream FA core complex (composed of eight known FA proteins) is recruited to chromatin by one of its members, FANCM (6) (7) (8) . The core complex then monoubiquitinates two central FA pathway proteins, FANCD2 and FANCI, which subsequently localize to chromatin and into DNA repair foci (9, 10) . Additional FA pathway members include the breast cancer-associated proteins FANCD1/BRCA2 (breast cancer-associated protein 2), FANCN/PALB2 (partner and localizer of BRCA2), and FANCJ/ BRIP1 (BRCA1-interacting protein 1), which function in homologous recombination (HR) repair of DNA double-strand breaks (DSBs) (11, 12) .
Recent work from our laboratory and others suggests that FANCD2-beyond its role in DNA ICL repair-has additional roles at sites of HU-or APH-stalled replication forks. We demonstrated that FANCD2 interacts constitutively with BLM and mediates assembly of the so-called BLM complex (13) (14) (15) (16) ) (consisting of BLM, RMI1, RMI2, topoisomerase III␣, and replication proteins A1 to A3 [RPA1 to RPA3]) upon APH-mediated replication fork stalling. Notably, FANCD2 fulfills this role independently of its interaction partner, FANCI (17) . We further demonstrated a novel role for FANCD2-in concert with BLM-to promote the restart of replication forks following temporary, APH-triggered fork stalling. Another study showed that FANCD2 protects nascent DNA strands at stalled replication forks from nucleolytic degradation by the MRE11 exonuclease (5) . Collectively, these findings indicate that FANCD2 has a dual role in replication fork restart and fork protection.
Intriguingly, recent studies identified a novel protein, FAN1 (Fanconi-associated nuclease 1), as an interactor of FANCD2 that promotes DNA ICL repair (18) (19) (20) (21) (22) . Intriguingly, FAN1 contains a ubiquitin-binding (UBZ) domain that promotes its interaction with FANCD2 and mediates FAN1 relocalization into nuclear DNA repair foci in a manner dependent on FANCD2 monoubiquitination. Therefore, current models propose that FAN1 utilizes its UBZ domain to selectively interact with the monoubiquitinated FANCD2 (FANCD2 Ub ) isoform at sites of active DNA ICL repair. Interestingly, FAN1 focus formation is also triggered by cellular treatment with HU (18) , hinting at putative additional roles for FAN1 in the cellular replication stress response; however, if and how FAN1 has additional functions at halted replication forks (in the absence of DNA ICLs) are not known.
We asked if FAN1 plays a role-possibly in concert with FANCD2 and BLM-during replication fork recovery. Our results demonstrate that FAN1 docks onto the BLM-FANCD2 complex on chromatin upon induction of APH-stalled forks. FAN1's recruitment to chromatin is regulated by combined efforts of for further analysis. Cytoplasmic and chromatin fractions were prepared using a subcellular protein fractionation kit (Thermo Scientific).
IP. Untreated or aphidicolin-treated human cells were lysed in buffer containing 10 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM DTT, 0.5 mg/ml protease inhibitor (Boehringer). Lysates were precleared with rabbit IgG and subjected to immunoprecipitation (IP) with FANCD2, BLM, or IgG antibody at 4°C overnight. One hundred microliters of Sepharose 4B beads (50% slurry) was added and rotated for 30 min at 4°C. To rule out DNA-bridged interaction of the proteins, IP was performed in the presence of 10 g/ml ethidium bromide (EtBr) (a DNA-intercalating agent). Beads were pelleted from solution, washed in cell lysis buffer, boiled in 1ϫ NuPAGE buffer (Invitrogen), and analyzed for the presence of proteins by SDS-PAGE and Western blotting.
Immunoblotting. Protein samples were separated in gradient gels and transferred to Immobilon P membranes (Millipore). After blocking in 5% milk, membranes were incubated with the following primary antibodies: FANCD2 (1:1,000), FAN1 (1:100), BLM (1:1,500), TOP3A (1:1,000), RPA1 (1:1,000), histone H2AX (1:6,000), tubulin (1:10,000), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:1,000), RAD51 (1:1,000), and pCHK1-S317 (1:1,000). Horseradish peroxidase-conjugated rabbit secondary antibody (Jackson Laboratory) and mouse secondary antibody (Bio-Rad) were used at dilutions of 1:10,000 and 1:4,000, respectively. Protein bands were visualized using an ECL Plus system (Amersham).
Antibodies. Commercial antibodies against human FANCD2 (sc-20022; Santa Cruz), FLAG (F3165-0.2MG; Sigma), FAN1 (H00022909-B01P; Abnova), BLM (ab476; Abcam), TOP3a (14525-1-AP; Proteintech), RPA1 (NA-13; Calbiochem), MRE11 (sc-5859; Santa Cruz), tubulin (ab7291; Abcam), histone H2AX (ab1791; Abcam), GAPDH (GTX627408; Genetex), RAD51 (05-530; Millipore), and pCHK1-S317 (12302; Cell Signaling Technologies) were used.
DNA fiber assay. We used the DNA fiber assay protocol as described previously (17) . Briefly, moving replication forks were labeled with digoxigenin-dUTPs (DigU) for 25 min and then with biotin-dUTPs (BioU) for 40 min. To allow efficient incorporation of the dUTPs, a hypotonic buffer treatment (10 mM HEPES, 30 mM KCl, pH 7.4) preceded each dUTP labeling step. To visualize labeled fibers, cells were mixed with a 10-fold excess of unlabeled cells, fixed, and dropped onto slides. After cell lysis, DNA fibers were released and extended by tilting the slides. Incorporated dUTPs were visualized by immunofluorescence detection using antidigoxigenin-rhodamine (Roche) and streptavidin-Alexa Fluor 488 (Invitrogen). Images were captured using a Deltavision microscope (Applied Precision) and analyzed using Deltavision softWoRx 5.5 software. All reported DNA fiber results are means of results from three independent experiments (300 DNA fibers/experiment) and were analyzed as described previously (17) . Statistics were calculated using Prism software. Error bars show standard errors of the means (SEM). P values were determined using the Mann-Whitney test. P values of Ͻ0.001 were considered significant.
Cytokinesis block micronucleus assay. The cytokinesis block micronucleus (MN) assay was performed as described by Fenech et al. (23) . Cells were cultured on coverslips, fixed, and stained with DAPI (4=,6-diamidino-2-phenylindole) for fluorescence microscopy. Cytochalasin B (0.72 g/ml) was added to block cytokinesis 16 h before harvest. The resulting binucleated cells were counted for the presence of micronuclei. Two hundred binucleated cells were scored per experiment.
Colony formation assay. Cellular survival was measured by a colony formation assay as described previously (24) . Briefly, 500 cells were seeded in 6-cm dishes and treated with 30 M APH for 6 h. Cells were then replenished with fresh medium and allowed to grow for 8 days. Colonies were stained with crystal violet solution and counted. FANCD2 interactor that is recruited by FANCD2 to nuclear DNA ICL repair foci (18) (19) (20) (21) (22) . Our laboratory recently demonstrated that FANCD2 also fulfills a separate role, in complex with the BLM helicase, to promote the restart of replication forks following APH-mediated fork stalling (17) . Here we asked if FAN1 is involved in the recovery of stalled replication forks, possibly in concert with BLM and FANCD2.
To test if FAN1 is part of the BLM-FANCD2 protein complex, we utilized patient-derived FANCD2-deficient (PD20) cells and their retrovirally complemented, FANCD2-proficient counterpart (PD20ϩD2 cells [wild-type-like cells]). The cells were either left untreated or treated with APH for 6 h to induce transient replication fork stalling, followed by immunoprecipitation with a BLM-specific antibody. In agreement with our previous findings, FANCD2 coimmunoprecipitated with BLM and another BLM complex member, RPA1, from untreated or APH-treated wildtype cells (Fig. 1A) , confirming that the BLM-FANCD2 complex exists independently of replication stress induction (17) . Intriguingly, FAN1 also coimmunoprecipitated with BLM, but only following cellular treatment with APH, indicating that complex formation between BLM and FAN1 is induced upon replication fork stalling. Importantly, coimmunoprecipitation of FAN1 with BLM was abrogated in FANCD2-deficient cells (Fig. 1A) , indicating that FANCD2 acts as a physical bridge between BLM and FAN1 to allow the formation of a BLM-FANCD2-FAN1 complex at sites of stalled replication forks.
FAN1 recruitment to APH-stalled replication forks is regulated by MRE11 and FANCD2 but occurs independently of BLM. We recently showed that the MRE11 exonuclease, a crucial factor during replication fork recovery (25) , is an early responder at stalled replication forks and promotes the recruitment of FANCD2, which in turn supports the recruitment of BLM (17, 26) . To determine where FAN1 is positioned within this hierarchy, we first tested if FANCD2 and/or MRE11 contributed to FAN1 chromatin recruitment following cellular APH treatment. We utilized wild-type (PD20ϩD2) and FANCD2-deficient (PD20) cells that were left untreated or incubated with the MRE11 exonuclease inhibitor mirin. Additionally, replication fork stalling was triggered via cellular treatment with APH for 6 h followed by isolation of the cellular chromatin fractions.
Basal levels of chromatin-bound FAN1 (FAN1-chr) were reduced in FANCD2-deficient cells compared to wild-type cells (Fig. 1B, compare lanes 1 and 5) . Moreover, APH treatment robustly increased FAN1 binding to chromatin in wild-type cells but not in FANCD2-deficient cells (Fig. 1B, compare lanes 3 and 7) . Similarly, mirin treatment of wild-type cells strongly reduced the basal FAN1-chr levels (Fig. 1B, compare lanes 1 and 2) and blocked any increase in FAN1 chromatin recruitment in response to APH (Fig. 1B, compare lanes 3 and 4) . Importantly, mirin treatment completely abolished the residual FAN1-chr levels in FANCD2-deficient cells, even in the presence of APH (Fig. 1B,  lanes 6 and 8) . These results suggested that FANCD2 and MRE11 promote FAN1 binding to chromatin both under unperturbed conditions and in response to APH-induced replication fork stalling. Unexpectedly, however, we noticed that mirin treatment caused a reduction of cellular FAN1 protein levels (Fig. 1C , panel i, lanes 2, 4, 6, and 8). Cellular treatment with the proteasome inhibitor MG132 restored FAN1 protein stability and FAN1 chromatin recruitment in untreated and APH-treated cells (Fig. 1C, panel ii, compare lanes 2 and 4 with lanes 6 and 8). Thus, cells degrade FAN1 when MRE11 exonuclease activity is blocked.
Next, we tested the hierarchy of chromatin recruitment between BLM and FAN1, utilizing the following cell pairs: (i) BLMproficient (GM00637) and BLM-deficient (GM08505) cells and (ii) PD20ϩD2 cells treated with control siRNA (siControl) or FAN1 siRNA (siFAN1). BLM-deficient cells exhibited normal FAN1-chr levels under unperturbed or APH-treated conditions, demonstrating that FAN1 binds chromatin independently of BLM (Fig. 1D) . In addition, FAN1-depleted cells were fully supportive of BLM binding to chromatin in the absence or presence of APH, indicating that BLM binds chromatin independently of FAN1 (Fig. 1E) . Simultaneously, cells lacking BLM or FAN1 did not exhibit any defects in recruiting FANCD2 or MRE11 to unperturbed or APH-treated chromatin ( Fig. 1D and E) . Taken together, these results indicate that FAN1 is recruited to chromatin and sites of replication fork stalling by combined actions of MRE11 and FANCD2, but independently of BLM.
FAN1 acts in concert with FANCD2 and BLM to restart stalled replication forks. We recently showed that FANCD2 and BLM act in concert to promote the restart of APH-stalled replication forks and to simultaneously suppress new origin firing (17). Our findings above suggested that FAN1 joins the BLM-FANCD2 protein complex upon replication fork stalling and is recruited to chromatin in a FANCD2-dependent manner. Thus, we asked if FAN1 functions during the restart of stalled replication forks, possibly in concert with FANCD2 and BLM. To this end, we monitored cellular replication events on individual chromosomes with a dual-labeling DNA fiber assay. In this assay, cells are first pulse labeled with DigU (red label) for 25 min and then either left untreated or treated with 30 M APH for 6 h, followed by a pulse treatment with BioU (green label) for 40 min (Fig. 2A) . To test if FAN1 promotes fork restart in concert with FANCD2, we used FANCD2-proficient (PD20ϩD2) and FANCD2-deficient (PD20) cells and also generated FAN1-deficient and FANCD2-FAN1-double-deficient cells via siRNA-mediated FAN1 knockdown in PD20ϩD2 and PD20 cells, respectively (Fig. 2B) . Strikingly different from the efficient fork restart in the wild-type cells, FAN1-deficient cells exhibited a severe defect in the restart of APH-stalled replication forks, similar to FANCD2-deficient cells (29.0% and 26.0%, respectively; P Ͻ 0.0001). In addition, FANCD2-FAN1 double deficiency did not exacerbate this phenotype (28.0%; P Ͻ 0.0001) (Fig. 2C) , indicating that FAN1 works in concert with FANCD2 to mediate replication fork restart. In parallel, the proportion of newly originated replication tracts (BioU label only) increased significantly and equally (approximately 5-fold; P Ͻ 0.0001) in FANCD2-, FAN1-, and FANCD2-FAN1-deficient cells compared to wild-type cells (Fig. 2D) , suggesting that FAN1 and FANCD2 cooperate to suppress new origin firing during temporary replication fork stalling.
Next, to investigate whether FAN1 has a similar functional relationship with BLM, we depleted FAN1 in BLM-proficient (GM00637) and BLM-deficient (GM08505) cells (Fig. 2E) . FAN1-and BLM-deficient cells showed comparable, severe defects in the restart of APH-stalled replication forks compared to wild-type cells (27.3% and 26.2%, respectively; P Ͻ 0.0001), and BLM-FAN1 double deficiency did not exacerbate the phenotype (27.7%; P Ͻ 0.0001) (Fig. 2F) . In parallel, the proportion of newly originated replication tracts (BioU label only) increased equally (approximately 5-fold; P Ͻ 0.0001) in FAN1-, BLM-, and BLM-FAN1-deficient cells compared to wild-type cells (Fig. 2G) . Taken together, these results demonstrate that FAN1 has a novel role-in concert with FANCD2 and BLM-to promote replication fork restart and suppression of new origin firing. FAN1 is dispensable for ATR activation following replication fork stalling. The fork restart and origin firing defects in FAN1-deficient cells are similar to those caused by inhibition of the DNA damage response kinase ATR (ataxia telangiectasia and Rad3 related) (27) . To test if FAN1 is required for ATR activation following fork stalling, we compared ATR-dependent phosphorylation of CHK1 following APH treatment in FAN1-proficient and -deficient cells. FAN1-deficient cells exhibited normal APHtriggered CHK1 phosphorylation that was comparable to that in wild-type cells ( Fig. 3A and B) . Thus, FAN1 is not required to activate ATR following APH-mediated replication fork stalling.
FAN1 prevents the formation of APH-induced micronuclei. Persistent replication fork stalling-if unresolved before M-phase entry-causes genomic instability and formation of micronuclei (MN) in the daughter cells (28) (29) (30) . Previous studies showed that the FA and BLM pathways cooperate to prevent APH-induced formation of MN (3, 29) . To test if FAN1 is involved in this protective mechanism, we compared APH-induced MN formation between siControl-and siFAN1-treated cells. As shown in Fig. 4A , FAN1-deficient cells exhibited significantly higher MN levels than those in wild-type cells following APH treatment (10.4% versus 4.4%; P Ͻ 0.01). APH-induced genomic instability, however, was not accompanied by acute cell death, since FAN1-deficient cells exhibited normal survival rates compared to FAN1-proficient cells upon APH treatment (Fig. 4B ). These data suggest that FAN1-akin to the FA and BLM pathways-is required to avoid replication stress-induced chromosomal instability.
FANCD2 monoubiquitination is dispensable for APH-induced BLM-FANCD2-FAN1 complex formation or for the recruitment of FAN1 to chromatin following APH treatment. Previous studies suggested that the interaction between FAN1 and FANCD2 following cellular induction of DNA ICLs or DNA DSBs is dependent on FANCD2 monoubiquitination (18) (19) (20) (21) (22) . Thus, we asked if the APH-induced recruitment of FAN1 to the BLM-FANCD2 complex was mediated by the monoubiquitinated FANCD2 isoform (FANCD2 Ub ). To this end, we compared APHtriggered BLM-FANCD2-FAN1 complex formation between FANCC-proficient cells (PD331ϩFANCC) that are competent for FANCD2
Ub formation and FANCC-deficient cells (PD331) that are unable to monoubiquitinate FANCD2. Surprisingly, the APH-induced coimmunoprecipitation of FAN1 with BLM was not interrupted in FANCC-deficient cells (Fig. 5A ), suggesting that BLM-FANCD2-FAN1 complex formation occurred independently of a functional FA core complex, and thus independently of FANCD2 Ub formation. Indeed, direct immunoprecipitation of FANCD2 from FANCC-proficient versus -deficient cells by use of a FANCD2-specific antibody revealed that the APHstimulated FANCD2-FAN1 interaction occurred in the presence or absence of FANCC (Fig. 5B) . Similarly, APH triggered a FANCD2-FAN1 interaction equally strongly in FANCA-proficient (PD220ϩFANCA) and FANCA-deficient (PD220) cells (Fig. 5C ). These unexpected results indicate that the FANCD2-FAN1 interaction is inducible upon APH-triggered replication fork stalling but occurs independently of FANCD2 Ub formation in this context. Moreover, they suggest that FANCD2 does not need to be monoubiquitinated in order to recruit FAN1 to APH-stalled replication forks. Thus, we compared FAN1 chromatin recruitment between FANCC-proficient and -deficient cells that were untreated or treated with APH for 6 h. As expected, FANCCdeficient cells exhibited greatly reduced levels of chromatinbound FANCD2; however, we did detect very low residual levels of nonubiquitinated FANCD2 in FANCC-deficient cells in both the absence and presence of APH (Fig. 5D) . Strikingly, chromatinbound FAN1 levels were essentially unaffected in FANCC-deficient compared to FANCC-proficient cells in both the absence and presence of APH (Fig. 5D ). We conclude that very low concentrations of chromatin-bound nonubiquitinated FANCD2 are sufficient to promote FAN1 recruitment to unperturbed chromatin and to APH-stalled replication forks.
Since our findings seemingly contradicted previous reports that FAN1 interacted selectively with FANCD2
Ub following cellular treatment with MMC (24 h) or HU (24 h) (18-22), we compared the FANCD2-FAN1 interaction responses to APH (6 h and 24 h), HU (24 h), and MMC (24 h) in FANCC-proficient and -deficient cells. As expected, the FANCD2-FAN1 interaction was inducible by treatment with APH, MMC, or HU in FANCC-proficient cells. Strikingly, FANCC-deficient cells were able to promote the APH-triggered FANCD2-FAN1 interaction but exhibited strong defects in supporting the FANCD2-FAN1 interaction in response to MMC or HU ( Fig. 5E and F) . These results support the findings described above (Fig. 5B and C) , as well as those of previous reports (18) (19) (20) (21) (22) , and hint at distinct molecular requirements for FANCD2-FAN1 complex formation at APH-stalled forks compared to DNA lesions caused by MMC or HU treatment.
APH-induced BLM-FANCD2-FAN1 complex formation occurs independently of the FAN1 UBZ domain. Based on our finding that FAN1 interacted with nonubiquitinated FANCD2 in response to APH (Fig. 5A to C) , one would predict that the FAN1 ubiquitin-binding (UBZ) domain is dispensable for the FANCD2-FAN1 interaction and thus not required for the formation of the BLM-FANCD2-FAN1 complex. To test this, we expressed siRNAresistant FLAG-tagged full-length FAN1 (FL-FAN1) and a FLAGtagged FAN1 UBZ deletion mutant (⌬UBZ-FAN1) in wild-type by WB for the presence of FANCD2, FAN1, and RPA1. Tubulin was used as a loading control. (ii) Cellular treatment with MG132 restores FAN1 chromatin binding. FANCD2-proficient (PD20ϩD2) cells were left untreated or incubated with mirin; additionally, cells were left untreated or treated with 30 M APH for 6 h, as indicated. Three hours after the addition of APH, cells were additionally either left untreated or treated with 10 M MG132. Chromatin fractions were isolated from the cells and analyzed by WB for the presence of FANCD2, FAN1, and RPA1. Histone H2AX was used as a loading control. (D) Recruitment of FAN1 to APH-stalled forks occurs independently of BLM. BLM-proficient (GM00637) and BLM-deficient (GM08505) cells were left untreated or treated with 30 M APH for 6 h, as indicated. Cytoplasmic and chromatin fractions were isolated from the cells and analyzed by WB for the presence of BLM, FANCD2, FAN1, and MRE11. GAPDH and histone H2AX were used loading controls for the cytoplasmic and chromatin fractions, respectively. (E) Recruitment of BLM to APH-stalled forks occurs independently of FAN1. FAN1-proficient and -deficient cells were left untreated or treated with 30 M APH for 6 h, as indicated. Cytoplasmic and chromatin fractions were isolated and analyzed by WB for the presence of BLM, FANCD2, FAN1, and MRE11. GAPDH and histone H2AX were used as loading controls for the cytoplasmic and chromatin fractions, respectively. (Note that RPA1 was used in panels B to E as a positive control for the cellular response to APH.) Fig. 6A and B) . Following siRNA-mediated knockdown of endogenous FAN1, we performed immunoprecipitation studies with untreated or APH-treated cells, using specific FANCD2 and BLM antibodies. Strikingly, FL-FAN1 and ⌬UBZ-FAN1 coimmunoprecipitated equally well with FANCD2 (Fig. 6C) or BLM (Fig.  6D ) from APH-treated cells, demonstrating that FAN1 does not rely on its UBZ domain to join the BLM-FANCD2 complex upon APH induction of stalled forks.
cells (
Replication fork restart requires FAN1 nuclease activity but not the FAN1 UBZ domain. In addition to its N-terminal UBZ domain, FAN1 also contains a C-terminal nuclease domain. Previous studies indicated that FANCD2
Ub formation and the FAN1 UBZ domain are crucial for the recruitment of FAN1 to sites of DNA ICL repair (18) (19) (20) (21) (22) . Moreover, one study demonstrated that both the FAN1 UBZ and nuclease domains are crucial for cellular resistance to DNA ICLs (19) .
In contrast, our results described above indicated that FANCD2 Ub formation and the FAN1 UBZ domain are dispensable for the APH-induced FANCD2-FAN1 interaction and the FANCD2-dependent recruitment of FAN1 to chromatin (Fig. 5A  to D and 6C and D) . Thus, we set out to determine if the FAN1 UBZ and/or nuclease domain is required to promote replication fork restart. We stably expressed siRNA-resistant, FLAG-tagged wild-type FAN1 (FL-FAN1), a UBZ-deleted FAN1 mutant (⌬UBZ-FAN1), or a nuclease-dead FAN1 mutant (D960A-FAN1) in wild-type cells (PD20ϩD2) (Fig. 6A and B) . Following siRNAmediated knockdown of endogenous FAN1, cells expressing no FAN1 (empty vector [EV]), FL-FAN1, ⌬UBZ-FAN1, or D960A-FAN1 were then either left untreated or treated with APH for 6 h, followed by analysis of replication fork restart efficiencies via the DNA fiber assay. Strikingly, expression of FL-FAN1 or ⌬UBZ-FAN1 fully rescued replication fork restart in cells depleted of endogenous FAN1 (Fig. 6E) . In contrast, cells expressing no FAN1 (EV) or the D960A-FAN1 mutant were unable to restart APHstalled replication forks (28.2% and 30.1%, respectively; P Ͻ 0.0001) (Fig. 6E) . These results suggest that the restart of APHstalled replication forks requires the FAN1 nuclease activity but not the FAN1 UBZ domain. Since FAN1's function at APH-stalled replication forks depends on the MRE11 exonuclease (Fig. 1B) , we also tested if MRE11 exonuclease activity was required for replication fork restart. DNA fiber analysis of untreated versus mirintreated wild-type cells revealed that mirin-treated cells exhibited severe defects in the restart of APH-stalled replication forks that were comparable to those observed in cells lacking FAN1 or expressing the D960A-FAN1 mutant (Fig. 6F) . We conclude that MRE11 and FAN1 nuclease activities are crucial to promote the restart of APH-stalled replication forks, whereas the FAN1 UBZ domain is dispensable for this function.
FAN1 degrades nascent DNA strands in FANCD2-deficient cells. In addition to its role in replication fork restart, FANCD2 also functions to protect nascent DNA strands at APH-or HUstalled replication forks from nucleolytic degradation by the MRE11 exonuclease (5, 17) . This degradation can be measured via the DNA fiber assay: cells are treated with DigU-labeled dUTPs prior to APH treatment, and the lengths of the DigU tracts are measured before and after APH treatment. In FANCD2-deficient cells, DigU tract lengths shorten significantly during 6 h of HU or APH treatment (5, 17) . Since FAN1-like MRE11-has nuclease activity (19) (20) (21) (22) and shows residual APH-stimulated chromatin (Fig. 1B) 1B ) is largely responsible for nucleolytic degradation of nascent DNA strands at APH-stalled replication forks. RAD51 filament stabilization does not compensate for the replication fork restart defects in FANCD2-or FAN1-deficient cells. RAD51 forms nucleoprotein filaments and acts in concert with FANCD2 to protect nascent DNA strands at stalled replication forks from nucleolytic degradation (5). Moreover, overexpression of a RAD51 mutant (RAD51-K133R) that forms hyperstable DNA filaments can restore replication fork stability in FANCD2-deficient cells. We asked if RAD51-K133R overexpression can also restore replication fork restart in the absence of FAN1 or FANCD2. We expressed RAD51-K133R in FAN1-deficient cells (A1170) or FANCD2-deficient cells (PD20) (Fig. 8A and B) and analyzed fork restart in these cells. We found that RAD51-K133R expression in FAN1-or FANCD2-deficient cells did not increase the number of replication fork restart events following APH treatment. Importantly, in the same experiment, RAD51-K133R expression did restore replication fork stability in FANCD2-deficient cells, demonstrating that RAD51-K133R was expressed in sufficient amounts to protect stalled replication forks from degradation by MRE11 or FAN1 (Fig. 8C) . Thus, defective replication fork restart caused by an absence of FANCD2 or FAN1 cannot be compensated for by RAD51 filament stabilization.
DISCUSSION
Recent work from our laboratory and others showed that FANCD2-beyond its role in DNA ICL repair-localizes directly to stalled replication forks, where it promotes fork restart in concert with BLM and protects nascent DNA strands at the stalled forks from degradation by MRE11 (5, 17, 31) . Here we identified FAN1-a FANCD2 interactor and ICL repair protein (18) (19) (20) (21) (22) -as a crucial factor during the restart of APH-stalled replication forks. Moreover, our findings demonstrate a critical role for FANCD2 in regulating FAN1's nuclease activity to protect nascent DNA strands at stalled forks (Fig. 9) .
Our results indicate that while BLM and FANCD2 form a constitutive complex, FAN1 is not associated with either protein under unperturbed conditions. Instead, FAN1 docks onto FANCD2 within the BLM-FANCD2 complex in response to APH, indicating that the BLM-FANCD2-FAN1 complex forms at specific DNA structures associated with stalled replication forks. The idea that an interaction of FAN1 with FANCD2 is stimulated by genotoxic influences is supported by previous reports. MacKay et al. found FANCD2-FAN1 interactions to be undetectable under unperturbed cellular conditions (22) ; moreover, Liu et al. showed that the FANCD2-FAN1 interaction was strongly stimulated in response to DNA ICLs, which ultimately cause replication fork stalling in S phase (19) .
Rather unexpectedly, however, our results further demonstrate that the interaction between FAN1 and FANCD2 upon APH-induced replication fork stalling occurs in the absence of a functional FA core complex and does not require the FAN1 UBZ domain, indicating that nonubiquitinated FANCD2 recruits FAN1 to temporarily stalled forks. At first glance, these findings contradict previous reports indicating that FAN1 utilizes its UBZ domain to interact selectively with FANCD2
Ub and relies on FANCD2
Ub for its own recruitment to DNA ICLs caused by cellular treatment with MMC (24 h), and even to replication forks stalled in the presence of HU (24 h) (18) (19) (20) (21) (22) . Moreover, our sideby-side comparison of the FANCD2-FAN1 interaction responses to APH, MMC, and HU confirms our findings and those of previous studies. How can these seeming discrepancies be reconciled? Importantly, the molecular mechanisms underlying the cellular responses to MMC, HU, and APH are different. DNA ICLs are incised to generate DNA DSBs, followed by homologous recombination (HR)-mediated break repair (32, 33) . DNA DSBs can also stem from replication fork collapse after prolonged fork stalling (24 h) in the presence of HU (34) . In contrast, replication forks stalled for a few hours in the presence of APH (6 h of APH treatment in the current study) remain stable and restart proficient (17, 26) . Thus, we predict that the FANCD2 Ub isoform is dispensable for FAN1 recruitment to APH-stalled replication forks for subsequent fork restart but crucial for promoting FANCD2-FAN1-dependent molecular actions during the repair of DNA DSBs generated at ICLs or collapsed replication forks. Importantly, our new findings strongly correlate with recent discoveries from our laboratory that interactions of FANCD2 with other DNA repair factors involved in replication fork restart, such as BLM or CtIP, occur independently of FANCD2 Ub formation (17, 26) , and thus provide further support for a novel model where nonubiquitinated FANCD2 coordinates several DNA repair factors to promote the restart of APH-stalled replication forks.
depends on a functional FA core complex. FANCC-proficient (PD331ϩC) (lanes 1 to 5) or -deficient (PD331) (lanes 6 to 10) cells were left untreated, treated with 1 M MMC, or treated with 30 M APH, as indicated. Cell extracts were subjected to IP with mouse IgG (lanes 1 and 6; negative control) or an anti-FANCD2 antibody (lanes 2 to 5 and 7 to 10). IP samples were analyzed for the presence of FANCD2 and FAN1. (F) The HU-triggered FANCD2-FAN1 interaction depends on a functional FA core complex. FANCC-proficient cells (PD331ϩC) (lanes 1 to 3) or FANCC-deficient cells (PD331) (lanes 4 to 6) were either left untreated (lanes 1, 2, 4, and 5) or treated with 2 mM HU (lanes 3 and 6) for 24 h. WCEs from these cells were subjected to IP with mouse IgG (lanes 1 and 4; negative control) or an anti-FANCD2 antibody (lanes 2, 3, 5, and 6). IP samples were analyzed for the presence of FANCD2 and FAN1. Of note, the FA literature typically describes only FANCD2 Ub as chromatin bound, whereas nonubiquitinated FANCD2 is considered to be soluble. However, numerous studies have detected nonubiquitinated FANCD2 in chromatin fractions from human cells, including patient-derived fibroblasts (35, 36) , HEK 293T cells (37) , and HCT116 cells (38) , as well as in chromatin fractions from chicken cells (39) (40) (41) and Xenopus egg extracts (17, 42) . Undoubtedly, the ratio of chromatin-bound FANCD2 Ub to FANCD2 is always greatly in favor of FANCD2 Ub , regardless of the cell type, the species, or the chromatin isolation protocol, hinting that FANCD2 Ub has a stronger affinity for chromatin. Intriguingly, a recent study found that replication fork stalling triggers a transient interaction of nonubiquitinated FANCD2 with the replicative MCM helicase (37) . Thus, a short-lived presence of nonubiquiti- nated FANCD2 at stalled replication forks may be sufficient (or necessary?) to allow positioning of downstream factors, such as FAN1, and timely fork restart. FAN1 now joins the growing group of fork restart proteins, including FANCD2, BRCA1, MRE11, XRCC3, RAD51, CtIP, and MUS81 (17, 25, 26, 34, 43) . All proteins in this group have been implicated in HR repair of DNA DSBs, indicating that the recovery of APH-stalled replication forks involves HR mechanisms.
FANCD2 also has a second role at stalled forks: to promote RAD51 filament formation on nascent DNA strands as a protective mechanism against nucleolytic degradation. Interestingly, this role of FANCD2 is shared by the FA core complex (5), tempting us to speculate that FANCD2 Ub may specifically function to protect nascent DNA strands at stalled forks. A previous study showed that overstabilizing RAD51 filaments protects nascent DNA even in the absence of FANCD2 (5) . In contrast, we showed that overstabilization of RAD51 filaments cannot promote replication fork restart in the absence of FANCD2 or FAN1. These results hint that either (i) fork stabilization is necessary but not sufficient for fork restart or (ii) fork stabilization and fork restart are uncoupled events that may require distinct molecular machineries. Concerning the order in which restart factors are recruited to APH-stalled replication forks, our current and previous results (17, 26) predict that MRE11 binds stalled forks as an early responder and-via its exonuclease activity-shapes a DNA intermediate substrate to recruit FANCD2. Interestingly, both MRE11 and FANCD2 contribute to the recruitment and stabilization of FAN1 on chromatin, although it remains unclear whether MRE11 recruits FAN1 directly-perhaps as part of the FANCD2-MRE11 complex (44)-or whether it provides a DNA substrate that is later processed by FAN1. Clearly, the recruitment hierarchy among these proteins is not strictly linear, possibly to allow for additional cellular adaptability during the replication stress response. In general, FANCD2's role in recruiting other DNA repair and replication fork recovery fac- tors, such as FAN1 or BLM, to chromatin appears to be a partial one, indicating additional FANCD2-independent roles for these proteins. Indeed, FANCD2-independent functions of FAN1 and BLM are clearly reflected in the clinically distinct, disease-specific phenotypes associated with inherited mutations in the FANCD2, FAN1, and BLM genes (45) (46) (47) (48) (49) .
On the other hand, single versus double deficiencies in FANCD2, BLM, and/or FAN1 expression cause identical replication restart defects, demonstrating that these three proteins act as a functional unit during fork restart. The FAN1 UBZ domain is completely dispensable during this process, further highlighting the idea that functional cross talk between FAN1 and FANCD2 during fork recovery does not require FANCD2 Ub formation. In contrast, the FAN1 nuclease domain appears to be crucial for promoting replication fork restart. Interestingly, FAN1 has dual nuclease activities: it is a structure-specific endonuclease and a 5= ¡ 3= exonuclease (20) (21) (22) . Unfortunately, we cannot determine which of these activities promotes fork restart, since mutations in the FAN1 nuclease domain (including the D960A mutation used in our study) disrupt both endo-and exonuclease activities of FAN1 (19) (20) (21) (22) .
Intriguingly, MRE11-the early responder at stalled replication forks-also harbors endo-and exonuclease activities; however, the latter has directionality opposite (3= ¡ 5=) that of FAN1 (50, 51) . Our findings identify the MRE11 exonuclease activity as crucial for stabilization of FAN1 on chromatin. Since FAN1-deficient cells have normal chromatin-bound MRE11 levels but fail to promote replication fork restart, we speculate that the exonucleolytic activity of MRE11 reshapes the stalled replication fork into a substrate for FAN1 (as part of the FANCD2-FAN1 complex), which subsequently promotes fork restart. If MRE11 exonuclease activity is blocked, then cells degrade FAN1-perhaps to prevent FAN1 from inappropriately accessing DNA or because FAN1 is nonfunctional on chromatin without prior MRE11 activity. The stepwise action of MRE11 and FAN1 also extends to the situation in FANCD2-deficient cells. These cells have normal chromatinbound MRE11 levels that suffice to directly recruit a subset of FAN1 molecules, eventually causing severe DNA strand degradation at stalled replication forks. Inhibition of MRE11 exonuclease activity or FAN1 depletion completely restores fork stability in these cells, indicating that MRE11 cannot perform significant DNA strand degradation without FAN1. The progressive shortening of nascent DNA strands in FANCD2-deficient cells is hence likely due to combined actions of MRE11 and FAN1. The idea of an early versus late function of MRE11 and FAN1 is mirrored by their predicted roles during HR-mediated repair of DNA breaks: MRE11 acts at an early stage of HR by promoting DNA end resection (reviewed in reference 52), whereas FAN1 is predicted to function downstream of DNA end resection and RAD51-mediated strand invasion (20, 22) .
In summary, our results show that the FAN1 nuclease is a crucial replication fork recovery factor that works in concert with nonubiquitinated FANCD2 and the BLM helicase. Importantly, FAN1's access to stalled forks requires tight regulation by FANCD2; if this mechanism fails, forks become unprotected and FAN1's nuclease activity causes long-range degradation of nascent DNA strands. Our findings support accumulating evidence for a dual role of FANCD2 at stalled forks: coordinating access of DNA nucleases to promote replication fork restart while simultaneously restricting inappropriate activity of the very same nucleases to prevent fork instability (Fig. 9) .
